Abstract Macrophages are tissue-resident immune cells that play a critical role in maintaining homeostasis and fighting infection. In addition, these cells are involved in the progression of many pathologies including cancer and atherosclerosis. In response to a variety of microenvironmental stimuli, macrophages can be polarized to achieve a spectrum of functional phenotypes. This review will discuss some emerging evidence in support of macrophage phenotypic regulation by physical and mechanical cues. As alterations in the physical microenvironment often underlie pathophysiological states, an understanding of their effects on macrophage phenotype and function may help provide mechanistic insights into disease pathogenesis.
Introduction
Macrophages are diverse and multifunctional immune cells that reside in all adult tissues. They are central to many biological processes, including development, metabolic regulation, maintenance of tissue homeostasis, and defense against invading pathogens [1] . Most tissue-specific macrophages are derived from the yolk sac during embryonic development and maintained through self-renewal [2] . In adults, hematopoiesis continues in the bone marrow to give rise to circulating blood monocytes. These monocytes can be recruited and differentiated to replenish tissue macrophages, usually at sites of injury [3] . In their basal states, macrophages maintain tissue homeostasis through the clearance of apoptotic cells and assist in tissue repair. However, upon exposure to various microenvironmental stimuli, macrophages can become activated and achieve many functional phenotypes. Due to its complexity, macrophage phenotype polarization remains the focus of much ongoing research and debate [4] . It is now widely accepted that macrophage phenotypes can be viewed as a continuum [5] , comprising of multiple distinct functional states and each with its unique transcriptional profile [6] . In the most simplistic form, macrophage activation is often categorized into two extremes: classically activated (M1) and alternatively activated (M2). M1 macrophages, also known as proinflammatory, are generally instigated by the presence of Th-1 cytokines tumor necrosis factor-a (TNF-a) and interferon-c (IFN-c) as well as bacterial endotoxin lipopolysaccharide (LPS). This state is marked by high secretion levels of TNF-a, IL-12, and IL-23, cytokines that further propagate the inflammatory response in downstream immune cells. M1 macrophages also produce intracellular nitric oxide (NO) and reactive oxygen intermediates (ROI), which are cytotoxic mediators that help fight infection. On the other hand, secretion of IL-10, a known inhibitor of inflammation, is the hallmark of M2 macrophages. The M2 phenotype can be further subcategorized into M2a, M2b, and M2c, based on their specific yet overlapping functions. Although all three subtypes have anti-inflammatory properties, M2a and M2b macrophages are considered immunoregulatory and are known for mediating the Th-2 response, whereas M2c cells are immunosuppressive and engage in extracellular matrix (ECM) remodeling [7] . Additionally, M2a and M2c macrophages also secrete growth factors that promote angiogenesis and tissue regeneration [8] .
The versatility of macrophages stems from their ability to shift phenotypic presentation in response to their everchanging microenvironment. Aberrant phenotypic polarization, spatially or temporally, often differentiates physiological and pathological conditions [9] [10] [11] . Indeed, it has become increasingly recognized that macrophages are essential in the progression of pathophysiological conditions including cancer, cardiovascular diseases, obesity, wound healing, and foreign body response (FBR). However, experimental therapies using systemic depletion of macrophage cells have resulted in detrimental and often lethal consequences [12] , as we now know that certain functional populations are necessary for proper wound healing and can impede disease progression. For instance in cancer, M1 macrophages are known to have tumoricidal functions, whereas M2-like macrophages aid tumor cells in evading destruction from host immune cells, and promote angiogenesis, invasion and metastasis. The majority of tumor-associated macrophages adopt an M2-like phenotype, and their presence in tumors has been directly correlated with poor prognosis [13, 14] . Contrarily in atherosclerosis, M1 macrophages are commonly viewed as atherogenic, while M2 macrophages are seen as atheroprotective. To realize the potential of macrophages as a therapeutic target for pathologies, a deeper understanding of macrophage phenotypic adaptation during disease pathogenesis is required.
Much of our current understanding on macrophage functional plasticity is limited to how soluble factors such as cytokines and chemokines influence polarization. The complexity of the microenvironments that macrophages are often present in underscores the necessity to consider other factors that may influence macrophage phenotype polarization. Alterations in the physical microenvironment such as extracellular matrix (ECM) stiffness, architecture and composition are hallmarks of both cancer and atherosclerosis. Seminal work in the past few decades have shown that these physical and mechanical signals can regulate differentiation, proliferation, and migration of many cell types. However, whether these factors play a role in coaxing macrophages into achieving the phenotype necessary for disease progression is still unclear. This review intends to highlight a few recent findings that suggest macrophages may be mechanically sensitive and that their phenotype may be regulated, in part, by physical cues. Macrophage involvement in cardiac diseases, cancer and wound healing are reviewed elsewhere [11, 15, 16] . This review will emphasize how changes in the physical microenvironment associated with disease states may be correlated with changes in macrophage phenotype and function.
Substrate topography and matrix architecture
Much of our current understanding of how physical cues influence macrophage phenotype has come from the field of biomaterials. Macrophages are among the first cells to interact with implanted biomaterials and are key mediators of the host foreign body response (FBR). Macrophage phenotype polarization during FBR is critical as M2 phenotype has been shown to be indicative of constructive remodeling around implanted materials [17, 18] . Therefore, the ability to modulate macrophage phenotype toward M2 polarization has emerged as a promising design strategy for biomaterials. Toward this end, many groups have attempted to exploit the material surface topography as a passive, alternative approach to biochemical surface modification (Fig. 1) .
It has long been observed that macrophages prefer to adhere to rough surfaces rather than flat [19] . More recently, researchers have examined whether surface roughness plays a role in macrophage secretion of inflammatory cytokines. In the absence of LPS stimulation, sandblasting and acid etching roughened titanium surfaces were shown to increase TNF-a secretion while decreasing production of chemoattractants monocyte chemotactic protein 1 (MCP-1) and macrophage inflammatory protein1a (MIP-1a) in RAW264.7 macrophages. When activated with LPS, surface roughness synergistically upregulates secretion of all inflammatory cytokines including TNF-a, IL-1b, IL-6, MCP1, and MIP-1a. The surface roughness enhanced secretion was generally observed at the 24 or 48 h time point but not at an earlier, 6 h, time point, implying a temporal dependence of the topographical effect [20] . Contrarily, in murine J744A.1 macrophages, sandblasted and acid etched roughness in titanium showed no significant effect on the production of IL-1b, IL-6, IL-10 and nitric oxide (NO) [21] . However, nano-roughened titanium surfaces resulted in mitigated expression of TNFa, IL-1b and NO in J744A.1 macrophages. In addition, nanorough substrates also restricted macrophage migration through reduction in migration speed and distance [22] . These seemingly incongruent findings may be attributed to differences in cell line, experimental time points, and perhaps the rather imprecise control of surface topology through roughening.
Using lithographic methods to more precisely control surface topography, studies have examined macrophage response to various polymers imprinted with grooves or gratings. On poly(methyl methacrylate) containing 10 lmwide and 0.5 lm-deep grooves, murine P388D1 macrophages exhibit substantial cellular elongation and align along the grooves and ridges. The patterned substrate enhanced macrophage migration in terms of speed, distance and persistence [23] . Additionally, microgrooves promote phagocytosis of polystyrene microbeads by increasing the number of phagocytic cells as well as the number of phagocytosed beads per cell [24] . Intriguingly, groove depth, rather than width, was suggested to be the predominating factor influencing migration and phagocytosis. RAW264.7 cells cultured on nanogrooves (250 nm-2 lm in width) imprinted in polymers also display elongated morphologies (Fig. 1b) . Macrophage response to various groove widths, in terms of both morphology change and cytokine secretion, appeared to be biphasic. Flat substrates and gratings less than 500 nm in width had little to no effect on macrophages, whereas cells cultured on 1 lm lines exhibit most elongated shape and show marked reduction in inflammatory cytokine secretion. Overall, the grooves appear to require longer durations to influence macrophage cytokine secretion profile, as the reduced secretion was only seen after 48 h [25] . In vivo studies using the same substrates reported similar findings in that microscale grooves reduce cell adhesion and foreign body giant cell formation when compared to planar substrates.
Alternative to surface patterned materials are electrospun polymer meshes, which more closely recapitulate native microenvironments. Saino et al. [26] investigated the activation of RAW264.7 cells on electrospun poly( Llactic) (PLLA) fibrous materials (Fig. 1c) . Both fiber diameter and alignment were found to affect macrophage adhesion and activation. Aligned fibers, of either micro-(*1.6 lm) and nano-(*600 nm) scale, appeared to enhance macrophage adhesion when compared to Fig. 1 a Substrate topology such as micro-and nanogrooves and fibers can modulate macrophage adhesion, spreading and activation [25] [26] [27] . b Scanning electron microscopy images of murine RAW264.7 macrophages cultured on 2 lm-wide gratings and planar control surfaces [25] . Scale bar 20 lm. c Brightfield images of H&E stained RAW264.7 cells seeded on poly(L-lactic acid) (PLLA) planar and micro-aligned fibrous scaffold (fiber diameter = 1.6 ± 0.25 lm) for 7 days [26] . Scale bar 45 lm randomly aligned or flat PLLA substrates. In the presence of LPS, macrophages secreted less inflammatory cytokines on fibrous PLLA than on flat PLLA films. Unlike microgrooved substrates, the attenuation in activation caused by aligned fibers was only observed during the first 24 h, and not at the later 7 days time point. Similarly, electrospun polydioxanone (PDO) scaffolds containing larger fiber/ pore size not only mitigated M1 activation but also skewed macrophage polarization toward an M2 phenotype, with increased expressions of arginase-1, VEGF, TGF-b1, and bFGF [27] . Implantation of random and aligned polycaprolactone (PCL) nanofibers in rats led to thinner fibrous capsules when compared to flat PCL films [28] , suggesting reduced inflammation and enhanced wound healing around the fibrous materials. Consistent with these findings, Sanders et al. [29] examined a variety of different polymers and fiber sizes and demonstrated that in all materials, smaller fiber (1-5 lm diameter) resulted in thinner fibrous capsule formation when compared to larger fibers (11-15 lm diameter).
While the majority of the studies investigating the effect of substrate topology on macrophage function have been carried out on 2D engineered materials, it has been argued that cells can behave very differently in 3D microenvironments [30] . By embedding electrospun poly(lactic-coglycolic acid) (PLGA) within a hydrogel, one group created a nanofibrous hydrogel system for investigating the effect of 2D versus 3D substrate architecture on human macrophages derived from peripheral blood mononuclear cells (PBMC). In accordance with previous studies, they report that 2D flat hydrogels stimulate secretion of inflammatory cytokines TNF-a and IL-1b. Interestingly, 3D nanofibrous hydrogels not only downregulate these inflammatory cytokines but also encourage production of pro-angiogenic chemokines IL-8 and MIP-1b [31] . This presents an important consideration for tissue engineering applications, and perhaps is also suggestive of a disease mechanism, as macrophages are known to promote angiogenesis in densely fibrillar tumor matrices [32] . 3D matrix architecture can also profoundly impact macrophage migration. While most leukocytes migrate via an amoeboid migration mode, macrophages employ both amoeboid and mesenchymal migration modes [33] . Using 3D fibrillar and gelled type I collagen, it has been demonstrated compellingly that matrix architecture dictates macrophage migration modes [34] . In gelled collagen, a dense matrix with few distinct fibrils, human monocyte-derived macrophages adopt the mesenchymal migration mode. On the other hand, in fibrillar collagen, macrophages migrate via the amoeboid mode. Remarkably, when presented with matrices of variable stiffness and architecture, macrophages adopt migration modes primarily based on architecture, thus establishing it as the dominant factor.
Stretch
Certain tissues in the body, such as bones, vasculature and lungs, undergo substantial mechanical loading and stretch as part of their normal function. While physiological levels of mechanical stimulation are important for growth and maturation of cells in those tissues, abnormal stimulation has been associated with inflammation and disease [35, 36] . Macrophages present in these tissues are also exposed to these mechanical stimuli and have been known to respond to them (Fig. 2a, b) . Osteoclasts, which belong to a special class of macrophages only found in bone tissues, increase their bone resorbing activities when exposed to cyclic stretch [37] . In both human alveolar and THP-1 monocyte derived macrophages, cyclic stretch alone induced secretion of IL-8. When applied concurrently with LPS stimulation, stretch enhanced LPS-mediated secretion of TNF-a, IL-6 and IL-83 [8] . Primary rat peritoneal macrophages subjected to static stretch increased expression of inflammatory genes including inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), IL-1b, IL-6, MIP-1a, and MIP-2 [39] . Stretch can also affect ECM integrity by upregulating macrophage production of matrix metalloproteinases such as MMP-1, MMP-3, MMP-9, and TIMP-1 [38, 40] . Cyclic stretch has also been shown to synergistically affect macrophage phenotypic polarization along with other biophysical cues. In human PBMCs seeded on electrospun elastomeric scaffold, a moderate 7 % cyclic strain was shown to increase the ratio of M2/M1 macrophages over a 7-day period when compared to unstretched control. However, a more extensive 12 % strain resulted in marked reduction in M2/M1 macrophages over the time course [41] (Fig. 2c) . This biphasic effect perhaps reinforces the concept that an optimal or physiological level of stretch can promote tissue homeostasis, whereas abnormal stretch leads to inflammation.
Substrate stiffness
In addition to applied forces, the stiffness of the surrounding tissue can also contribute to the mechanical environment of cells. The interstitial matrix surrounding cells can possess wide range of mechanical properties in vivo. In recent years, the rigidity of the underlying substrate has been shown to be critically important for cellular behaviors ranging from adhesion and contractility to migration [42] and differentiation. For instance, bone ECM features drastically different elastic modulus than neural tissues, and is an important differentiation cue for stem cells during development [43] . Tissue stiffness also changes dramatically during aging and the development of diseases. The progression of cancer and atherosclerosis are both accompanied by the stiffening of normal tissue. Using techniques such as the indentation test and atomic force microscopy to measure the elastic moduli of normal and diseased tissues, it has subsequently been shown that increase in ECM stiffness is critical for tumorigenesis [44] and atherogenesis [45] . In addition to its contribution to disease progression, stiffness also plays a role in the host response to implanted biomaterials as most synthetic materials have very different elastic moduli than native tissue.
Considering the extensive role of macrophages in diseases and mediating tissue-biomaterial interactions, there have been numerous investigations examining the effect of substrate stiffness on macrophage phenotype. Using ArgGly-Asp (RGD)-functionalized poly(ethylene glycol) (PEG) hydrogels, Blakney et al. [46] tuned the compressive Fig. 2 a Mechanical stretch mediates macrophage morphology and activation [38, 51] . b Immunofluorescence images of control unstretched (top) and uniaxially stretched (bottom) human U937 macrophages stained for F-actin (red), vinculin (green), and nuclei (blue) [51] . c Immunofluorescent images of human peripheral blood mononuclear cell (PBMC) derived macrophages subjected to 0, 7 and 12 % strain on polye-caprolactone (PCL) scaffold, and stained for M1 marker CCR7 (red), M2 marker CD163 (yellow), and dapi (blue) [41] moduli of the substrate without changing the amount of cell adhesion ligands. Although it has been previously shown that RAW264.7 cells seeded onto PEG hydrogel with gradient elasticity preferentially adhere to the stiffer parts of the hydrogel [47] , this group found no significant difference in adhesion on substrate stiffness ranging from 130 to 840 kPa. They then examined the effect of stiffness on phenotypic polarization of murine bone marrow derived macrophages (BMDMs), and found no significant differences in the absence of soluble co-stimulants. However, in the presence of LPS, the expression of TNF-a, IL-6, IL-1b and IL-10 all increased with increasing rigidity. In accordance with these in vitro results, subcutaneous implantation of stiff hydrogels in mice elicited a more severe foreign body response, evidenced by the recruitment of more inflammatory macrophages, than soft hydrogels.
In studies using human macrophages, the elastic modulus of the substrate and surface adhesion ligand density have also been shown to affect adhesion and cytokine secretion. Macrophages differentiated from human THP-1 cells were examined on PEG-coated polyacrylamide gels of stiffnesses ranging from 1.4 to 348 kPa. Without any RGD adhesion peptide modification, human macrophages preferentially adhered to stiffer substrates when compared to soft substrates. On RGD peptide-modified surfaces, the same trend of more adhesion on the stiffer substrates remained, although the differences were less pronounced. Interestingly, TNF-a secretion by adherent human macrophages was found to be inversely proportional to the substrate stiffness: cells secreted most TNF-a on 1.4 kPa substrate and least on 348 kPa. It is important to note that this result was obtained by normalizing the bulk population secretion to the number of adherent cells, and without normalization, there was no difference in TNF-a secretion. In contrast to TNF-a, the IL-8 secretion profile appeared to be biphasic in that secretion was low on 1.4 and 348 kPa but high on the intermediate 10 kPa substrate [48] .
In a separate study, murine and differentiated human macrophages were investigated side by side on polyacrylamide gels with elastic moduli ranging from 0.3 to 76.8 kPa. Cell adhesion over this stiffness range was not significantly different. Without LPS activation, substrate rigidity appears to have little effect on TNF-a secretion in both RAW264.7 and human U937 macrophages. However, with LPS stimulation, TNF-a production inversely correlated with rigidity in both cell types. Increasing stiffness also enhanced opsonization-mediated macrophage phagocytosis in both RAW264.7 and human alveolar macrophages (AM) [49] .
The effect of substrate rigidity on macrophage adhesion and activation may still be up for debate. Experimentally, the effect of stiffness on macrophage adhesion and cytokine secretion need to be clearly demarcated, as secretion profiles for adherent and nonadherent macrophages are likely different. Similar to stretch, there may be one or more optimal range of stiffness that is ideal for homeostasis. Moreover, various tissue-specific macrophages are accustomed to ECMs of different elasticity in vivo, and therefore stiffnessdependent effects on macrophage phenotype may be ontogenetic.
Cell shape
Cells change their morphologies as they probe and migrate through their surrounding matrix, and alterations in cell shape have long been associated with changes in cell function [50] . Moreover, many of the aforementioned physical cues, including topography, stretch, and stiffness, profoundly influence cell shape. In studies of macrophages, cyclic biaxial stretch increased the spread cell area [38] , whereas uniaxial stretch led to cellular elongation along the direction of stretch [51] (Fig. 2a, b) . Multiple studies investigating the effect of substrate stiffness have shown that macrophages are more spread and flattened on rigid substrates, and more rounded on soft [46, 48, 52] . Furthermore, stiffer substrates tend to encourage the formation of long protrusive actin structures such as filapodia [49, 52] . Polymers imprinted with micro-and nano-scale grooves are capable of directing macrophage cells to exhibit elongated morphologies both in vitro and in vivo [24, 25] .
Macrophages also undergo morphological changes in response to soluble factors. A number of groups have observed that when murine BMDMs are stimulated with LPS and IFN-c, they adopt a circular and flatten morphology. However, in the presence of M2-inducing cytokines IL-4 and IL-13, they exhibit much more elongated morphologies [53, 54] . The activation of microglial cells, which are the resident macrophages of the central nervous system, occurs in concert with distinct morphological changes [55] . It was subsequently shown that soluble factors secreted by adipose tissue-derived mesenchymal stem cells (ASCs) lead to elongated cell shape in microglia, which is also accompanied by a noninflammatory phenotype characterized by low TNF-a and IL-6, and high arginase-I production [56] (Fig. 3b) .
The development of various microfabrication and bioengineering tools in recent years has enabled unprecedented control over cell geometry, either singularly or in groups, to specifically study the effect of cell shape on function. Using these technologies, cell shape has been demonstrated to be an important regulator of growth and apoptosis in endothelial cells [57] , differentiation and multipotency in mesenchymal stem cells [58, 59] , collagen synthesis in fibroblasts [60] , and proliferation [61] and contractility [62] in vascular smooth muscle cells. Using a micropatterning approach to directly control cell shape, we recently demonstrated that elongated cell morphology alone could promote BMDM polarization toward an M2 phenotype, with increased expression of arginase-I, CD206 and YM-1 (Fig. 3c) . Elongated cell shape can also modulate soluble factor mediated polarization by either upregulating M2 phenotype marker expression or mitigating M1 activation. Furthermore, when cellular elongation was attenuated, IL-4 and IL-13 stimulated cells produced less arginase-I, implying impaired M2 polarization [53] . Cell shape has also been linked to polarization state in human macrophages. In one study examining the effects of stretch and electrospun scaffold on PBMC-derived macrophages, it was observed that CCR7
? M1 macrophages were small and rounded, whereas CD206
? M2 cells exhibited more actin protusions [41] . Human THP-1 derived macrophages cultured on substrates such as glass, polyurethane, modified chitosan and hyaluronic acid (HA) have been shown to display distinctly different morphologies in 3D. Cells on glass are most spread out, and possess the largest total surface area and volume. Interestingly, these cells also secreted the most TNF-a. Cells on chitosan and HA were nearly spherical and have the smallest surface area and volume, which correlated with low TNF-a secretion. Finally, cells on polyurethane were less spread than glass, and present intermediate surface area, volume as well as TNF-a secretion [63] .
Although it is evident that morphology is strongly linked to phenotype in certain macrophages, the phenomenon may not be universal. We, and others, have observed that while M2-polarized BMDMs and microglia display cellular elongation, other macrophages do not exhibit such dramatic changes. Nevertheless, morphological changes are inevitably rooted in cytoskeletal reorganization and regulated by underlying signaling pathways, which may suggest a mechanotransductive pathway that extends to all macrophages. Fig. 3 a Cell elongation, induced by adhesive or soluble cues, modulates macrophages phenotype [53, 56] . b Immunofluorescence images of CD11b expression in microglia cells exposed to medium conditioned (CM) by mesenchymal stem cells and/or LPS (top), and their secretion of IL-6 and TNF-a, and expression of arginase-1 (bottom). Scale bar 10 lm [56] . c Phase contrast images of BMDMs on unpatterned and patterned surfaces (left), and expression of iNOS and arginase-1 in these conditions (right). Scale bar 50 lm [53] Intracellular mechanics 3D-reconstructed confocal stacks of phalloidin-stained rat AMs show that the majority of the macrophage actin cytoskeleton are cortical and form a thick submembranous stratum [52] , as opposed to organized stress fibers observed in many adherent cells. Stiff substrates have been shown to increase actin polymerization and filopodial projections [46, 49, 52] . Murine macrophages plated on microgrooved substrates exhibit higher overall F-actin content and also along the edges of the microridges [23] . Several studies have noted differences in actin organization between M1 and M2-polarized macrophages [53, 64] (Fig. 4A) . M1 cells display more clustered F-actin structures that are more likely to be found around the nuclei, whereas M2 cells present more diffused actin organization that are perhaps more around the periphery of the cells, suggestive of lamellipodia formation.
A few studies have implicated intrinsic changes in stiffness and elasticity of macrophage cells as a possible mechanism for sensing changes in the physical microenvironment [49, 52] . Rat AMs cultured on stiff substrates exhibit increased cellular elastic modulus. Surprisingly, this phenomenon cannot be attributed to an increase in actin polymerization, as treatment with inhibitor cytochalasin D failed to abolish the difference in cellular stiffness due to substrate rigidity. Using magnetic twisting cytometry (MTC), AMs were shown to have minimum internal tension. Although not detectable by MTC, it is possible for macrophages to generate local stress points that co-localize with punctated podosomes and actin structures, especially during actin-mediated tasks such as migration and phagocytosis [52] . This seems to be consistent with the general -/-, Rac2 -/-and Rac1/2 -/-BMDMs stained with F-actin (red) and paxillin (green). Inserts are higher magnification images of podosomes. Scale bar 10 lm [54] . c Schematic of macrophage mechanotransduction pathway. Podosomes, which contain focal adhesion proteins, mediate macrophage adhesion and links the actin cytoskeleton to the ECM understanding that podosome assembly does not require intracellular tension but rather depend on extracellular cues such as substrate flexibility [65] . These results, together with the lack of observable actin stress fibers (Fig. 4a, b) , allude to a macrophage mechanotransduction mechanism that may be distinct from most other tissue cells.
Evidence strongly suggests that macrophage elasticity is linked to its activation and function. Using colloidal force microscopy, LPS-activated human macrophages were shown have an average Young's modulus that is three times less than that of unstimulated resting macrophages. The same study also found that stimulation with LPS stimulation caused an increase in adhesion strength of macrophages [66] . In murine RAW264.7 cells, LPS and IFN-c stimulation increased cellular elasticity, unlike in human macrophages. However, LPS increased macrophage adhesion strength, as was also shown with human cells [49, 67] . A more rigid substrate increases elasticity, similar to stimulation with LPS and IFN-c, and this increased elasticity corroborates with enhanced phagocytosis and reactive oxygen species (ROS) production. However, contrary to the study in rat AMs [68] , this particular study demonstrated that actin polymerization was required for murine macrophage elasticity while actin-myosin contractility has minimal involvement [49] . It has been previously suggested that cellular stiffness is regulated by both cell shape and substrate rigidity [69] . Although the exact mechanics remain elusive, there is emerging evidence supporting the idea that biophysical regulation of macrophage behavior is mediated by alterations in cell stiffness and shape.
Molecular mechanism for mechanotransduction in macrophages
For macrophages to be mechanically activated, they must be able to probe and discern changes in the mechanical properties of their environment and transduce these changes into biochemical signals that ultimately lead to differential gene and protein expressions. To date, most studies in mechanotransduction have been performed on low motile tissue cells with highly polymerized actin organization. In contrast, macrophages are derived from nonadherent monocytes, and once activated become adherent and migrate through tissue to reach the site of injury or inflammation. Macrophage adhesion to the extracellular matrix environment is mediated by various types of integrins, as well as scavenger receptors. Interestingly, macrophages have been known to deploy different modes of adhesion to type collagen I that may be dependent on species, cell source, or the context of adhesion. Generally, b 1 integrin is thought to be the main receptor for macrophage adhesion to collagen [70] . In rat alveolar macrophages (AMs), CD18, the b 2 subunit of integrin, was shown to be main regulator of adhesion to type I collagen, whereas CD11b, the a M subunit, did not participate in adhesion [52] . In RAW264.7 macrophages, neither b 1 nor b 2 subunits are involved in adhesion to denatured type I collagen. Instead, it was largely modulated by class A macrophage scavenger receptor (SR-A) [71] . SR-A has also been implicated in mediating macrophage adhesion to a number of other modified ECM components, including glycated [72] , proteoglycan- [73] and cigarette smoke- [74] modified ECM, suggesting a possible disease mechanism in which modified ECMs associated with disease progression may enhance macrophage adhesion through SR-A.
Once adherent, membrane adhesion receptors of most cells cluster and recruit additional proteins to form focal adhesions (FA), which are linked to the cytoskeleton and provide a signal transduction pathway for physical cues from extracellular space. In place of FAs, macrophages form punctated focal complexes known as podosomes, which are similar to FA in protein composition but different in structure and dynamics. Podosomes are cylindrical structures that contain an actin-rich core and form perpendicular to the membrane rather than tangential (Fig. 4a) . They are more dynamic and unstable than FAs, which may play a key role in macrophage migration, invasion and degradation of surrounding matrices [65] . The distribution, size and shape of these focal complexes vary and are a reflection of changes in macrophage adhesion and morphology. The peripheries of podosomes are composed of integrins, the specific types of which are tissue dependent [75, 76] . The cores of podosomes also contain CD44, a protein that can modulate macrophage adhesion through its affinity to hyaluronan, collagen and matrix metalloproteases. Adherent, well-spread macrophage cells generally develop larger podosomes [77] , and the traction force generated by podosomes are sensitive to substrate rigidity, which is the reason that they are often considered mechanosensors [78] . Studies on macrophage podosome dynamics in 3D collagen gels recapitulate results from 2D, suggesting similar macrophage mechanosensing mechanisms in 2D and 3D [79] .
Adhesion can also lead to integrin clustering and subsequently activate focal adhesion kinase (FAK) [80, 81] . Downstream of that are the Rho family of GTPases, which include RhoA, Rac, and cdc42. These signaling proteins, generally activated following FAK phosphorylation, are the key regulators of actin cytoskeletal dynamics and are directly involved in the assembly of actin stress fibers (RhoA), lamellipodia (Rac), and filipodia (cdc42) [82] . The importance of these proteins in mechanotransduction has been well documented in many cell types, and they have been implicated in mediating adhesion, spreading, phagocytosis, and podosome assembly in macrophages [83] [84] [85] [86] . More recently, several studies have highlighted the significance of Rac in modulating macrophage morphology, migration and phenotype polarization. Among the three highly conserved isoforms of Rac, Rac1 is ubiquitous in all mammalian cells including macrophages, whereas Rac2 is only found in hematopoetic and endothelial cells. Deletion of Rac1 and Rac2 in mice has been shown to alter macrophage cell shape. Comparing to wildtype, Rac1 -/-BMDMs display elongated morphologies and reduced spread area. Rac2
-/-cells also exhibited an elongated cell shape, though to a lesser extent than Rac1
-/-cells, but did not show difference in cell spreading. Rac2 knockout also completely abolished podosome formation in BMDMs, whereas Rac1 knockout only led to abnormal podosome assembly (Fig. 4b) . Surprisingly, abnormal podosomes due to Rac1 deletion did not affect macrophage migratory abilities. Rac2 deletion reduced the number of migratory cells but did not affect their migration speed [54] . In mouse tumor models, Rac2 was implicated in mediating macrophage migration into tumors via integrin a 4 b 1 . It was subsequently shown that Rac2 activation regulates macrophage polarization to tumor-associated M2 phenotype both in vitro and in vivo [87] .
Taken together, these studies overwhelmingly support the notion that macrophages respond to changes in the physical microenvironment, although different activation states may result in differential sensitivity to mechanical cues. LPS or M1-like activation has been demonstrated to enhance cell adhesion in both human and murine macrophages [49, 64, 67] . Macrophage-1 antigen (Mac1), an integrin family receptor composed of both CD11b and CD18, is well known for mediating phagocytosis [80] and is upregulated in murine macrophages stimulated with LPS and IFN-c. Additionally, these cells upregulate adhesion receptors lymphocyte function associated antigen-1 (LFA-1), CD29, and CD11a, which may partially explain their enhanced adhesion [64] . As adhesion proteins are a major component of macrophage membrane mechanosensor podosomes, it is not surprising that podosome assembly can also be modulated by phenotypic states. The cytokine CSF-1, which is known to steer macrophage polarization toward an M2-like phenotype [4] , has been shown to increase the assembly and alter the distribution of podosomes in BMDMs [88] . IL-4-polarized human macrophages form podosome rosettes, which are not seen in IFNc-induced M1 or unstimulated resident macrophages. The formation of these rossettes is linked to increased degradation and migration through the ECM by M2 macrophages, and may also explain the ability of M2 cells to adopt a mesenchymal migration mode [89] . Murine M1 macrophages also exhibit increased cellular elastic modulus, which correlates with their enhanced ability to uptake tissue fragments [64] and opsonized particles [49, 67] . In addition to phagocytosis, intrinsic cell stiffness can affect other cytoskeleton-mediated macrophage behavior such as migration. It is thought that migration speed is inversely correlated with intracellular tension [65] , and consistent with this, M2 primary murine macrophages are seen as more motile than M1 cells in the absence of chemoattractant [64] . Alterations in cellular elasticity and podosome assembly, underlied by differential activation of RhoA and Rac, may also explain the different macrophages migration modes, as 3D matrix architecture and stiffness are thought to modulate mesenchymal versus amoeboid modes of migration by macrophages [34] . While the underlying molecular mechanism for mechanically induced macrophage phenotype and function remains to be determined, various studies have implicated molecules including integrins [80, 81] , FAK-src activation [22, 77] , actin polymerization [49, 53, 68] , actin-myosin contractility [53, 78] , and Rho GTPases RhoA [34, 64] , Rac [34, 54, 64, 87, 90] and cdc42 [49] (Fig. 4c) .
Concluding remarks and future directions
Recent studies clearly suggest that physical cues in the microenvironment can modulate macrophage phenotype and function. In addition to affecting change on their own, biophysical cues can also function synergistically with soluble factors to mediate macrophage behavior. Although much of the work highlighted here is performed on engineered substrates, with work in 3D beginning to emerge, the effects observed may very well translate to in vivo conditions. Tissues and various components of tissue can be conceptualized as distinct biomaterials that can possess wide range of mechanical properties and exert physical influences on macrophages in the same way engineered materials can. While soluble factors are the putative reason for abnormal macrophage polarization in diseases, physical and mechanical factors associated with ECM modification may exacerbate disease progression. Experimental approaches by means of selectively targeting macrophages with disease phenotypes or introducing beneficial ones have so far been unsuccessful [102, 103] . Evidence suggests that most likely, more than one macrophage phenotype is required for complex processes such as wound healing. The key may lie in the timely transition from one phenotype to another. Leveraging the functional plasticity of macrophages, by both biochemical and physical means, to ''re-educate'' them to attain beneficial phenotypes in a timely manner may prove to be a promising therapeutic strategy.
However, despite the general consensus that mechanical factors are important, there are few seemingly contradictory findings in the current body of literature. Likely contributing to this confusion are several factors: (1) There are differences between macrophages from different species. The majority of studies described in this review were performed using murine and human macrophages, with a few using rat cells. While experiments with murine systems have been extremely valuable particularly for molecular-genetic studies, and mouse and human immune systems clearly share some similarities, there are also fundamental differences [91] . Although macrophages from both species adopt a similar continuum of activation states, it has been well established that the markers for each state can be quite different [92, 93] . A cross-species comparison for macrophage activation in response to physical and mechanical stimulation is still lacking. (2) Macrophages from different tissues within the same host may have different sensitivity to mechanical cues. For example, alveolar macrophages and osteoclasts naturally undergo more mechanical loading in the body, and therefore may be more sensitive to physical stimuli. In addition, ECMs from different tissues can have dramatically different stiffness and architecture, which may result in differential responsiveness to physical signals by macrophages in those tissues. (3) The length and time scale at which the effects of mechanical cues are examined is important. It merits reiteration that there is likely a range of ECM stiffness and architecture that best supports tissue homeostasis and physiological macrophage function. Engineered materials should closely mimic the cellular niche of the intended targets of study. Additionally, macrophage secretion profile of different cytokines is likely to vary over time. Several studies have shown a temporal dependence of the effect of mechanical cues, especially substrate topography and rigidity. (4) Macrophages are very sensitive to various soluble and matrix cues, and possibly to different materials including the polymers and metals that are used as biomaterials. It has been demonstrated that adhesion to various ECM proteins can induce macrophage activation [94, 95] and enhance phagocytosis [96] . Therefore, future studies should be assiduous in extricating the effects of matrix and mechanics. (5) Last but not least, immune cells including macrophages are notorious for being very heterogeneous. The ground state activation level of macrophages is known to fluctuate depending on time of the day, seasons of the year, diet and systemic conditions of the host [97] , which may explain inconsistencies in studies using primary cells.
Clearly, much work is still needed in elucidating the underlying mechanism for macrophage mechanobiology. The link between adhesion, cytoskeletal dynamics and activation remains ambiguous at best. The pathway between the cytoskeleton, nuclei and possible transcription factors is largely unknown. Topographical studies have shown that surface roughness alone can cause src-mediated FAK phosphorylation [77] , which then leads to nuclear translocation of ERK1/2 and increased secretion of proinflammatory cytokines in RAW264.7 cells [20] . It has also been postulated that substrate topography can activate the NF-jB-mediated inflammatory signaling pathway via cell surface receptors found in actin-associated, lipid-enriched rafts on the cell membrane [98] . Stretch-induced inflammation in macrophages has been attributed to NF-jB [38] and NLRP3 inflammasome [99] activation. Stretch-induced MMP expressions have been linked to upregulation in transcription factors c-jun, c-fos and PU.1 [40] . There has also been studies suggesting that mechanically sensitive potassium channels are responsible for modulating macrophage cell shape upon adherence as well as stretchmediated activation [100] . Alternatively, macrophage activation can be regulated by epigenetics [101] , and it has also been postulated that the physical and mechanical activation may be due to post-translational modifications that are not associated with gene expression, such as ligand-receptor interactions and cell membrane extensions [49] .
